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We perform an exhaustive scan of the allowed resonant production regime for sterile neutrino
dark matter in order to improve constraints for dark matter structures which arise from the non-
thermal sterile neutrino energy spectra. Small-scale structure constraints are particularly sensitive
to large lepton asymmetries/small mixing angles which result in relatively warmer sterile neutrino
momentum distributions. We revisit Milky Way galaxy subhalo count constraints and combine
them with recent searches for X-ray emission from sterile neutrino decays. Together they rule
out models outside the mass range 7.0 keV ≤ mνs ≤ 36 keV and lepton asymmetries smaller than
15 × 10−6 per unit entropy density at 95% CI or greater. We also find that while a portion of the
parameter space remains unconstrained, the combination of subhalo counts and X-ray data indicate
the candidate 3.55 keV X-ray line signal potentially originating from a 7.1 keV sterile neutrino decay
to be disfavored at 93% CI.
I. INTRODUCTION
One of the most trying aspects of the search for the
nature and origin of the dark matter is that the dark
matter itself has proved to be difficult to directly inter-
act with, except through the force of gravity. It may
come as no surprise now, that we concern ourselves with
sterile neutrino dark matter, which by definition has no
direct interaction with Standard Model (SM) particles at
all! But the sterile neutrino’s saving grace is the flavor
mixing that it shares with SM neutrino species, allowing
them to form a natural dark matter candidate. Frequent
collisions between SM neutrinos drive production of ster-
ile neutrinos in the early Universe through quantum de-
coherence. With the added constraint that the produc-
tion of sterile neutrinos result in the correct dark matter
abundance this is known as the Dodelson-Widrow (DW)
mechanism [1]. Alternately, the presence of net lepton
asymmetry in the primordial plasma may drive the pro-
duction of sterile neutrino dark matter via in-medium
neutrino mixing angle enhancement known as resonance.
This resonant production of neutrinos was first described
by Shi & Fuller [2] and allows for sterile neutrinos with
mixing angles much smaller than those allowed for DW
to obtain the necessary relic abundance to account for
the dark matter.
The resonantly produced sterile neutrinos will typically
have non-thermal, distorted momentum distributions. Of
critical importance, these non-thermal momentum spec-
tra have a host of dynamically salutary effects on the
structure of sterile neutrino dark matter halos (e.g., [3]).
Many of the dark matter structure anomalies such as the
cusp-versus-core problem [4–9], the too-big-to-fail prob-
lem [10, 11], and the missing satellites problem [12–14]
are all eased if the dark matter has a warm, non-thermal
spectral distribution. Resonant production of sterile neu-
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trino dark matter satisfies the spectral distortion require-
ments of these structure anomalies quite readily [15–21].
The probes of the resonantly produced sterile neu-
trino dark matter parameter space are rapidly closing
in on the allowed region from all sides (see, e.g., re-
view articles [22–25]). Counts of Milky Way satellite
galaxies place strong constraints on the low-mass por-
tion of the parameter space, X-ray decay line searches
efficiently bound the large mixing angle and high mass
regimes, and constraints on the net lepton asymmetry
of the Universe bound the minimum allowable mixing
angles. Taken together these form a fully bounded box
with good prospects for either observing or definitively
excluding the presence of sterile neutrino dark matter in
the future.
Recent works on Milky Way satellite counts have fo-
cused on limited or coarse scans of the parameter space
to estimate the constraints which can be inferred from
structure formation [18, 26]. In this paper we endeavor
to place such constraints on firmer footing. We use the
calculated matter power spectra and thermal energy dis-
tributions of resonantly produced sterile neutrino dark
matter on a finer grid, as well as conduct a likelihood
analysis of predicted vs. observed combined Milky Way
and Andromeda (M31) subhalo counts. Further, we also
investigate the similarities and discrepancies between two
separate theoretical descriptions of galaxy structure for-
mation in order to gauge the model sensitivity of subhalo
count predictions. Lastly, we use our calculation to inves-
tigate the joint goodness of fit with X-ray observations
for a mνs = 7.1 keV sterile neutrino which is a candidate
for explaining the anomalous 3.55 keV X-ray line signal
[27–32] (but, see also null claims by Refs. [33–39]).
In section II we review our methodology for construct-
ing our resonantly produced sterile neutrino momentum
distributions, their resultant matter power spectrum, and
small scale structure formation. In section III we com-
pute predicted subhalo counts for the Milky Way and
M31 galaxies. In section IV we derive constraints for
sterile neutrino dark matter based on observations, and
discuss the implications of combining them with other
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2constraints. We close with conclusions in section V.
II. MODELING THE MATTER POWER
SPECTRUM
A. Sterile neutrino dark matter production
In the simplest sense, production of sterile neutrinos
in the environment of the early Universe can be thought
of in terms of the behavior of a quantum mechanical
damped oscillator [40–42]. Though sterile neutrino fla-
vor states posses no direct coupling to the plasma, SM
neutrinos are simultaneously oscillating into the sterile
flavor state and scattering with the plasma frequently
enough to be in thermal equilibrium above a tempera-
ture of T ∼ 3 MeV. The constant scattering events ex-
perienced by the SM neutrinos interrupts their coherent
evolution, leading to a damping of the oscillation between
SM and sterile flavor states. In a static Universe, this
would lead to the eventual equilibration of the SM and
sterile neutrino flavor state populations on a relaxation
time scale [40],
τ =
V 2T
D2 + V 2z + V
2
T
D , (1)
where for a neutrino of energy Eν , the damping
rate is D = Γall interactions/2 ∼ g?GFT 5, VT =
δm2/2Eν sin 2θV , and Vz = δm
2/2Eν cos 2θV + VL, the
SM-sterile mass squared splitting is δm2, and the neu-
trino mixing angle is θV . In this sense VL is an effective
mass term which neutrinos acquire through coherent for-
ward scattering interactions with the plasma, which can
be quite complicated in general [43].
In the case of an expanding Universe, with VL ≡ 0,
this damped oscillatory behavior can lead to partial pop-
ulation of the sterile neutrino states, producing just the
right amount of sterile neutrino dark matter through the
DW mechanism [1]. In this case one must solve the co-
moving Boltzmann equation,(
d
dt
−HEν d
dEν
)
fs(Eν , t) =
1
τ(Eν , t)
fSM(Eν , t) , (2)
where fs and fSM are the sterile and SM neutrino dis-
tribution functions, respectively. If the relaxation rate,
1/τ , is significantly less than the Hubble rate, H, for the
entire history of the Universe, the sterile neutrino pop-
ulation will “freeze-in” without fully thermalizing with
the plasma. This leads to the non-resonant production
of sterile neutrinos which may be the source of the dark
matter.
Should the Universe posses a sufficiently large lepton
asymmetry, for which we define L6 = 10
6(nνe − nν¯e)/s
with entropy density s, then neutrino flavor states can ac-
quire large effective mass differences, VL, through their
interactions with the plasma and experience a resonance
when Vz = 0. This produces a temporary and strongly
energy dependent reduction of the equilibration time be-
tween the sterile and SM neutrino populations. This was
pointed out by Shi & Fuller [2], who also noted that the
energy dependence of the resonant condition produced
strongly distorted spectral energy distributions in the re-
sultant sterile neutrino population.
While helpful, this mechanism is not without limita-
tions. The maximum lepton asymmetry allowed in the
early Universe is bounded by observation of the products
of Big Bang Nucleosynthesis (BBN), particularly by the
primordial He abundance [44–46]. If the lepton asymme-
try in the primordial plasma is sufficiently large the SM
neutrino spectral energy distributions will become de-
generate, leading to alterations in the rates for ν-baryon
interactions and changes in the proton fraction of the
plasma during BBN. Because the observed values of the
SM neutrino mixing angles are large [47, 48], current ob-
servations place an upper limit on the lepton asymmetry
of L6 = 2500 [46–49].
To solve the general problem of the production of ster-
ile neutrino dark matter we have performed an exhaustive
parameter space scan using the publicly available sterile-
dm code [43]. This code assumes the Boltzmann equa-
tion approach outlined above which requires that neu-
trino transport and oscillation be collisionally dominated.
In particular, the authors of sterile-dm emphasized the
treatment of neutrino opacities and transport during the
QCD phase transition epoch, which is notoriously dif-
ficult to model. As the resonant production of sterile
neutrinos frequently takes place above a temperature of
100 MeV, this careful treatment of the neutrino transport
makes sterile-dm a significant improvement on available
software [50].
In Fig. 1 we show our results of running sterile-dm
over the allowed sterile neutrino parameter space in terms
of the necessary lepton asymmetry, L6, required to pro-
duce the correct relic density of dark matter, ΩDMh
2 =
0.1188 [51]. These results are obtained on a 100 × 100
grid within the paramter space, which allows the smooth
features within the results to be observed. We do not
consider mνs ≤ 1.7 keV since they are robustly bound by
phase-space constraints [52–54].
Notably, the BBN constraint of L6 ≥ 2500 produced by
the sterile-dm code does not fully agree with the results
of [23], who report a lower range of allowable sin2 2θV for
masses below mνs ≤ 10 keV. We have taken care to check
that our results agree exactly with those reported in the
original sterile-dm paper by Venumadhav et al. [43] for
ms = 7.11 keV. This disagreement is not unexpected
given sterile-dm’s updates to neutrino transport opaci-
ties during the QCD epoch, highlighting the importance
of the SM plasma and its effect on the production of
sterile neutrino dark matter.
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FIG. 1. The lepton asymmetry required to produce the
correct relic abundance of SDM. The color scale is logarith-
mic, while contours are labeled with the absolute value of L6.
Mixing angles above the non-resonant production line over-
produce DM, while mixing angles below the L6 ≥ 2500 line
violate BBN bounds [46]. The left hand side is capped by the
phase space bound of mνs ≥ 1.7 keV [54].
B. Spectral Distortions
We show the ensemble averaged momentum of the
νs + ν¯s distributions produced by the sterile-dm cal-
culation in Fig. 2. The results are in good agreement
with expectations in which resonant production yields
significantly colder sterile neutrino spectra than the non-
resonant production mechanism, provided that the peak
of sterile neutrino production is before or during the QCD
phase transition [43, 50]. For scenarios which require very
large lepton asymmetry, sterile neutrino production is de-
layed to temperatures well below T ∼ 170 MeV, produc-
ing sterile neutrino spectra which asymptotically tend to
warmer thermal distributions.
Importantly, the resonant production of sterile neutri-
nos does not treat νs and ν¯s equally. Because the sign
of VL is opposite for particles and anti-particles, either
of νs or ν¯s will experience resonant production, but the
condition Vz = 0 can never be satisfied simultaneously
for both. As a result νs and ν¯s populations have dis-
similar energy spectra and relic abundances, one species
will be relatively hot and significantly underproduced by
non-resonant scattering processes.
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FIG. 2. The average momentum of the sum of νs and ν¯s
populations. For reference, a non-degenerate Fermi gas has
average momentum 〈p/T 〉 = 3.15.
C. Matter Power Spectrum
In order to gauge the observable effects of the reso-
nantly produced, non-thermal spectra of sterile neutri-
nos we have used the software CLASS [55] to process the
νs and ν¯s populations produced by sterile-dm. CLASS
is able to solve for the evolution of linear density per-
turbations by taking in user specified phase-space distri-
butions for multiple species of dark matter. From this
solution, CLASS generates 3D matter power spectra con-
sistent with the cosmological parameters which can be
specified, and in this work have been drawn directly from
the Planck best fit cosmological values [51].
Because sterile neutrino dark matter is generally
warmer than the cold dark matter (“CDM”) of ΛCDM
(the standard cosmological model of Λ + CDM), the
amount of power present on small scales will be reduced
by free streaming. This effect is due directly to the addi-
tional momentum carried by the warm sterile neutrinos
streaming out of density perturbations insufficiently mas-
sive to keep them gravitationally bound. This outward
flow of warm particles damps the amplitude of dark mat-
ter density fluctuations resulting in less power (and fewer
density perturbations) on small length scales [56]. Pre-
cisely how much the matter power spectrum is damped
relative to ΛCDM on the scale of a given co-moving in-
verse length k may depend sensitively on the spectral dis-
tribution of momentum within the relic sterile neutrino
population.
To illustrate these effects over the sterile neutrino pa-
4rameter space, we define kcut to be the inverse length
scale at which the 3D matter power spectrum predicted
by CLASS using the sterile neutrino spectra generated
by sterile-dm is suppressed by a factor of 1/e relative to
the 3D matter power spectrum of CDM. We show the re-
sults of our calculation in Fig. 3. The results are a match
for the predictions of linear perturbation theory. Lighter
sterile neutrino masses result in matter power suppres-
sion on larger length scales (smaller kcut) owing to the
longer free-streaming length of such neutrinos. Further,
considering fixed sterile neutrino masses shows that the
ensemble averaged momentum 〈p/T 〉 is a good proxy for
matter power suppression. Colder sterile neutrino spec-
tra are unable to free-stream over long distances and only
suppress the power on small length scales (larger kcut).
The potential consequence of this matter power sup-
pression are important tools for indirectly probing the
sterile neutrino dark matter parameter space. A lack
of power on small length scales will reduce the num-
ber of low mass dark matter halos below some threshold
which implies a concomitant reduction in the number of
dwarf galaxies in the Universe. Counts of the observed
number of dwarf galaxies orbiting the Milky Way can
be compared to the results of N-body simulations and
sterile neutrino dark matter models which under predict
the observed number Milky Way satellites can be ex-
cluded [35, 57]. Further, fewer dark matter halos would
be capable of accreting dense clouds of Hydrogen gas dur-
ing the epoch of re-ionization. This may lead to changes
in the distinct absorption patterns of photons as a func-
tion of redshift in the Lyman-α forest [58–63].
III. SUBHALO COUNTS
One of the most widely known anomalies related to
the nature of dark matter is the missing satellites prob-
lem [12–14] wherein the number of satellite galaxies ob-
served orbiting the Milky Way is significantly lower than
expected from the hierarchical structure formation of
ΛCDM cosmology. Sterile neutrino dark matter offers a
tempting solution to this discrepancy, as the suppression
of the matter power spectrum at small scales prevents the
formation of the dark matter subhalos which play host to
these missing Milky Way satellites. However, numerous
baryonic effects such as reionization [64], supernova feed-
back [65], or tidal stripping can easily rob one of these
dark matter subhalos of its observable baryons [66, 67].
While the efficacy of baryonic feedback mechanisms in
explaining the missing satellites problem is a topic of on-
going research, the dearth of observable subhalos around
the Milky Way can still be used to constrain the sterile
neutrino dark matter parameter space. Because there are
a few dozen observed Milky Way subhalos which have
been catalogued classically and by surveys such as the
SDSS and DES, we can place a statistically meaningful
lower bound on the number of subhalos which are bound
to the Milky Way galaxy. While baryonic effects may
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FIG. 3. The cutoff value of kcut beyond which the matter
power spectrum predicted by a given SDM model is sup-
pressed by more than a factor of 1/e compared to the ΛCDM
prediction. The color scale is logarithmic, while contours are
labeled with the absolute value of kcut.
prevent extant subhalos from being observed, they can-
not create satellite galaxies in the absence of a host dark
matter halo. In this sense we can say conservatively and
regardless of the effects of baryons on the satellite galaxy
counts, the sterile neutrino dark matter models we are
considering must plausibly predict as many subhalos as
are observed.
In order to provide some measure of the uncertainty
that subhalo population models themselves introduce
into the constraints which can be placed on sterile neu-
trino dark matter we consider the predictions of two sep-
arate models of structure formation which attempt to
incorporate the effects of Warm Dark Matter (“WDM”),
Model 1 [68] and Model 2 [69]. Both of these models are
based on the extended Press-Schechter approach [70, 71]
for semi-analytically relating the primordial dark mat-
ter power spectrum to the mass functions of halos and
subhalos, yet take different approaches to accommodat-
ing WDM within this formalism, as well as normalizing
their results to different suites of numerical N-body sim-
ulations. Model 1 is constructed with an aim to pro-
vide a generic formula for including the effects of matter
power suppression with arbitrary shape and scale, which
is implemented through the use of a sharp-k filter [68].
Model 2 attempts to include the effects of WDM within
the Press-Schechter formalism using two-point statistics
along with a host of individual adaptations for treating
WDM’s consequences for various subcomponents of the
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FIG. 4. The number of detectable subhalos surrounding the
Milky Way galaxy for Model 1 [68]. The isocontour of 47
subhalos is the 95% CI limit on the all-sky corrected SDSS
subhalo counts.
model, such as biasing of the smooth dark matter com-
ponent [69]. Further, these models are conditioned on
numerical models of structure formation which have been
created with different cosmological parameters. Model 2
employs the best fit parameters from WMAP7 [72], while
Model 1 is based on the Planck 2013 best fit [73]. The
updated Planck fit favors slightly more dark matter and
slightly more clustering as compared to the WMAP7 fit.
In the ΛCDM limit, these differences are expected to pro-
duce a preference for more subhalos in Model 1, which
we will discuss shortly.
We show in Fig. 4 the results of Model 1’s predictions
for the subhalo counts using identical input parameters
to Ref. [26]. To conservatively estimate the number of
subhalos when integrating the subhalo mass distribution
function we take the upper bound on the mass of the
Milky Way Galaxy, 3× 1012M/h, and the lower bound
comparable to the subhalo mass of known Milky Way and
M31 satellite galaxies, 108M/h (see below). Model 1
is a duplicate of the calculation of [26, 68] and, unsur-
prisingly, the results of our calculation of the number of
Milky Way satellites agree.
In Fig. 5 we show the results of our subhalo number
calculation for Model 2. Again we use identical limits of
integration for the subhalo mass function of 108M/h
and 3×1012M/h. This helps define the quantity which
we will refer to asNsubhalo, which is the number of observ-
able satellite galaxies within this mass range that orbit a
Milky Way sized host galaxy.
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FIG. 5. The number of detectable subhalos surrounding the
Milky Way galaxy for Model 2 [69]. The isocontour of 47
subhalos is the 95% CI limit on the all-sky corrected SDSS
subhalo counts.
There is appreciable disagreement between these two
models in the large kcut limit, when the matter power
suppression is limited and dark matter is effectively
CDM-like. Model 1 predicts Nsubhalo = 265 in this limit
while Model 2 predicts Nsubhalo = 185. While this 40%
disagreement is quite large, we find that it is attributable
to a disagreement the overall slope of the subhalo mass
function, dN/dm, which biases Model 1 toward a greater
preponderance of low mass halos near the lower bound of
our mass cut, 108M/h. This is a result which is not un-
expected, given the distinct initial assumptions for cos-
mological parameters in numerical simulations and the
subsequent mapping of those results into each analytic
framework.
The agreement between models is considerably better
when restricting the subhalo population to its more mas-
sive constituents through matter power spectrum sup-
pression. In the regime where kcut < 40hMpc
−1, both
Model 1 and Model 2 obtain a good agreement on the
Milky Way subhalo count to within (a few)%. This is
a fortuitous result because the current limits on subhalo
counts from direct observation of galactic satellites fall
within the regime where both models under considera-
tion agree, as we shall see in the next section. For the
sake of being maximally conservative, we will compare
observational counts of Milky Way satellites to which
ever model predicts more satellites for a given point in
the sterile neutrino parameter space.
To increase the sample size we are considering, we also
6model the expected number of subhalos of M31. Based on
current estimates, M31 is roughly equivalent to the Milky
Way in total dark matter halo mass (perhaps slightly
more massive) [74]. We thus set the M31 halo mass to 3×
1012M/h, similar to the Milky Way projection. Based
on the results of [75] we infer the mass within the half
light radius of the M31 satellites based on their absolute
magnitude, MV , and from there extrapolate the full halo
mass [76]. This results in a nearly identical subhalo mass
range for the M31 satellites to that found for the Milky
Way satellite galaxies in [77]. From this we also conclude
that a conservative lower bound on M31 subhalo masses
would be 108M/h, making it a twin for the Milky Way
in terms of our model predictions of subhalo populations.
To determine the relevant subhalo mass range, we use
the results of [75] and extend the mass to light ratio scal-
ing relation of dwarf spheroidal satellites to typical V
band magnitudes for candidates in the DES sample [78].
We take a parametric fit to the data in [75] and find,
log10(M/LV ) = 0.26×MV + 4.3 . (3)
This gives a typical inferred halo mass of (a
few)×108M/h to (a few)×109M/h for the DES candi-
dates. This suggests we do not need to lower the subhalo
lower mass bound below 108M/h in our model predic-
tions to account for the additional observed satellites in
the DES sample.
IV. STERILE NEUTRINO CONSTRAINTS
A. Revisiting subhalo count constraints
The formation of galaxies is through a process of hier-
archical mergers of smaller progenitor galaxies. Although
the population distributions of host halo to subhalos are
strongly correlated, the structure formation process re-
mains fundamentally stochastic in nature. The timing
and number of satellites presently orbiting or merging
with the Milky Way varies randomly because the pri-
mordial distribution of dark matter subhalos is simi-
larly a random variation about the primordial dark mat-
ter power spectrum. We therefore use a binned maxi-
mum likelihood method [79] with the likelihood defined
by Poisson statistics (in contrast with previous study of
Ref. [26]). The negative log of the likelihood function for
observed counts of subhalos orbiting the host galaxies is,
L ({xi}, {µi}) =
∑
i
(
µi − xi + xi ln xi
µi
)
, (4)
where the observed number of sub halos in the data, {xi},
is to be found from the expected number predicted by
the model, {µi}, with i = 1, ..., N for N hosts which
have satellite count data (for us this is simply i = 1, 2 for
the Milky Way and M31, respectively). An important
property of L is that in the limit of “large”{xi} the like-
lihood ratio probability distribution asymptotes to the χ2
probability distribution, with the relation ∆L ' χ2/2, a
result known as Wilks’ Theorem [80].
We define our exclusion criterion as a 95% confidence
interval (“CI”) overabundance of observed satellites for a
one sided Likelihood ratio distribution function, i.e., we
exclude models considering only fluctuations above the
model expectation. Note that to obtain the likelihood
function for the one sided distribution, we set the contri-
bution to the sum in Equation 4 for galaxy i equal to 0 if
µi > xi. In the large sub halo count limit, with 2 degrees
of freedom (for the two free parameters θV and ms), this
gives the asymptotic value ∆L = ∆χ2/2 = 2.3 from the
observed sub halo population to set our lower bound on
acceptable predictions.
The most pessimistic constraint we can construct is to
assume the distribution of Milky Way satellite galaxies is
maximally anisotropic, i.e., that 100% of the non-classical
satellite galaxies orbiting the Milky Way are found within
the SDSS survey field of view. This gives a total of 26
Milky Way (11 classical and 15 found by SDSS) and 35
M31 satellites [81]. Combining these counts we can ex-
clude models with matter power spectra which produce
fewer than 24 Milky Way satellite galaxies.
More realistically, we can take the SDSS limited field of
view into account and correct for all sky coverage within
the SDSS data set. Given the 29% sky coverage [82] of
the SDSS survey, we find the an isotropic distribution of
Milky Way satellites would produce a total of 63 satellite
subhalos. We exclude at 95% CI models which predict
less than 47 subhalos, c.f., the Nsubhalo = 47 contour on
Figs. 4 and 5.
Interestingly, DES has found a number of new faint
satellite candidates [78, 83–85]. However, a number of
issues must be addressed before these candidates satel-
lites can be confidently included. The DES sample shows
strong evidence that these objects cluster around the
more massive Milky Way satellite galaxies, making an
estimate of the all sky number of satellites within the
DES observable magnitude range difficult. Nonetheless
the effort has been undertaken by the collaboration to
estimate the total number of Milky Way satellites ob-
servable by DES, finding Nsubhalo ≈ 100 [85]. Using this
result we project a 95% CI constraint for models which
predict fewer than 80 Milky Way satellites. It should
nevertheless be cautioned that a number of the DES can-
didate satellites have not yet had their stellar kinematics
measured to infer the masses of their dark matter halos.
Rather than attempting to make a concrete exclusion
using the DES satellite candidates, we will make a pro-
jection of the possible strength of the combined surveys
with the DES data set to constrain sterile neutrino dark
matter models. This allows us to place our projected
constraint for the combined candidates counts within the
sterile neutrino parameter space, with the caveat the re-
sult is dependent on validation of our halo mass estimates
with proper stellar kinematics measurements.
We show our results for the combined parameter space
exclusion for resonantly produced sterile neutrino dark
7100 101
mνs (keV)
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
si
n
2
2θ
V
Non-Resonant
L
6 ≥2500
Ph
as
e 
Sp
ac
e
FIG. 6. Combined constraints for sterile neutrino dark mat-
ter. The dark blue region indicates the SSDS + M31 95% CI
exclusion, while the light blue represents the same exclusion
using the all-sky corrected SDSS counts. The red region indi-
cates our projection for the 95% CI exclusion for the combined
surveys. The purple contour represents the combined 95% CI
X-ray exclusion for Chandra observation of M31 and NuS-
TAR observations of the galactic center [35, 86]. The orange
point indicates the claimed 7.1 keV sterile neutrino decay line
candidate [27, 28].
matter in Fig. 6 on the sin2 2θV vs. mνs plane. Our 95%
CI Milky Way satellite count limits for the SDSS subhalo
counts are shown in dark blue, with light blue denoting
the moderately improved exclusion obtained by applying
the all sky correction to the SDSS catalog. By allowing
for stochastic variability of the local subhalo population,
we obtain more conservative constraints than Ref. [26],
which did not quantify the goodness of fit for model pre-
dictions and imposed an arbitrary subhalo count cut-
off. For both SDSS constraints, we find that the subhalo
count predictions of Model 2 are slightly larger and hence
more conservative, while for the DES constraint Model 1
produces the more conservative constraint.
Shown in red is our hypothetical projection for the
limit which may be placed by the combined satellite sam-
ple. We emphasize this limit is beholden to kinematic
studies of the stellar populations of the DES satellites
which will set the host dark matter halo masses and es-
tablish the minimum halo mass cutoff needed for DES. A
large impact on the constraint will arise from exclusion
of satellite candidates as mis-identified stellar clusters,
which lowers the inferred all-sky satellite count below
100 and driving the combined constraint asymptotically
toward the SDSS constraint.
B. Summary of additional constraints
So far, we have considered constraints on sterile neu-
trino dark matter arising from the lepton asymmetry
during production, phase-space constraints, and a re-
analysis of subhalo constraints. Here we summarize
two additional widely considered constraints in the lit-
erature: X-ray constraints, which is highly complemen-
tary to our subhalo constraints, and Lyman-α forest con-
straints, which relies on the suppression of power on small
scales.
X-ray lines from decays: Massive sterile neutrinos
are not indefinitely stable particles. First order correc-
tions allow massive neutrinos to branch into a loop con-
taining charged leptons and bosons which can then ra-
diate before the loop closes, leading to the decay of the
neutrino into a lighter mass eigen state. This produces a
narrow line emitted photon with E = mνs/2. The decay
rate for this process [87] is given by,
Γ = 1.37× 10−15
(
sin2 2θV
10−7
)( mνs
1 keV
)5
s−1 . (5)
Searching for this radiative decay emission provides an
important probe for the presence of sterile neutrino dark
matter and since its theoretical inception [88, 89] has
been investigated by many authors, e.g., [90, 91] (see
recent review [25] for a full discussion). Limits improve
with larger mixing angle and mass, which both increase
X-ray fluxes, making X-ray limits highly complementary
to subhalo count limits. The 95% CI X-ray exclusion
limits of Refs. [35, 86] are shown in purple in Fig. 6.
Lyman-α forest: the suppression of small-scale mat-
ter power will manifest in the Lyman-α forest flux power
spectrum, and intriguingly the recently reported limits
are stronger than those from subhalo counts [62, 92].
However, it has recently been pointed out that the gas
dynamics of the Inter-Galactic Medium (IGM) can have a
dramatic and confounding effect on the absorption spec-
trum of the Lyman-α forest for redshifts z < 6 [93].
Those authors found that pressure smoothing of the gas
in the IGM deviated widely from the predictions of linear
theory, and that the gas density power spectrum small
scale cut-off for ΛCDM was completely erased from the
Lyman-α signal. The conclusion of Ref. [93] was that
the absorption features of the Lyman-α forest can poten-
tially be dominated by the pressure smoothing scale in
the IGM, and until such time as observations are able
to characterize which scale there is no known way to
disentangle the Lyman-α absorption from IGM pressure
smoothing from the absorption due to the matter power
spectrum on small length scales. In light of this result,
we feel that it is premature to consider the exclusion of
the reference models used by [26] to be robust. As the
real-world scale of the pressure smoothing of the IGM re-
mains unknown, we elect not to draw any inferences for
resonantly produced sterile neutrino dark matter based
on the Lyman-α absorption data.
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FIG. 7. The combined goodness of fit for the claimed 7.1 keV
sterile neutrino dark matter candidate (the solid orange line
indicates the best fit value, with light orange showing the
error bars [28]). The purple contours represent the 95% CI
Chandra M31 X-ray observation [35]. Dark blue indicates the
SSDS + M31 subhalo counts + X-ray data, and light blue
represents the SDSS all sky corrected cluster counts + X-ray
data. The red line indicates our projection for the combined
satellite survey counts along with X-ray data.
C. Combined Constraints
In Fig. 6, we show both our 95% CI subhalo count
limits and the 95% CI X-ray limits of Refs. [35, 86]. We
find that by combining SDSS subhalo counts with X-
ray data we can exclude sterile neutrino masses mνs ≤
7.0 keV with a significance of at least 95% CI, and rule
out net lepton asymmetries less than L6 ≤ 15. There are
only isolated islands of parameter space left for sterile
neutrinos produced via oscillations to be the sole dark
matter particle. A larger island remains between 10–20
keV mass, and a smaller one at 30–35 keV; the latter is
already excluded in νMSM models [94–98] due to lepton
asymmetry bounds, leaving the lighter mass range which
will further be reduced by accumulated X-ray statistics
by NuSTAR [86] and on-going and future satellite galaxy
searches.
We demonstrate the significance of our subhalo con-
straints and the power of combining them with X-ray lim-
its by considering the tantalizing but controversial emis-
sion line at 3.55 keV reported from various studies observ-
ing galaxies and galaxy clusters [27–32]; other studies find
null results that are in conflict with these claims [33–39].
Interpreted as sterile neutrino decay, the require param-
eters are shown by the orange triangle with error bars in
Fig. 6. In Fig. 7 we show the combined goodness of fit for
the sterile neutrino interpretation. We combine the X-ray
and subhalo measurement significances in an un-binned
fit assuming L ≈ ∆χ2/2. The dashed black lines indicate
the ∆χ2 statistical significances for a 1 sided χ2 distribu-
tion function with 2 degrees of freedom. Presently, the
error bars on the value of sin2 2θV place the observation
of the 3.55 keV X-ray line in moderate, 95% CI, tension
with the sterile neutrino dark matter decay explanation.
The projected goodness of fit from the DES satellite
counts + X-ray data are not intended to be conclusive,
but they do illustrate an important point about the com-
plementarity of the subhalo count constraints and X-ray
emission constraints in the remainder of the resonant
regime. Simply put, incremental increases in subhalo
counts result in qualitative jumps in the impacts of sterile
neutrino mixing angle constraints. The majority of the
remaining parameter space is dominated by resonant pro-
duction with large lepton asymmetry. This favors sterile
neutrino populations with larger 〈p/T 〉, which in turn ef-
fectively suppress the formation of small scale structure
and the number of observable Milk Way satellite galax-
ies. As a result, improving the satellite count constraints
inexorably closes the parameter space off in the direction
of the X-ray limits. Additionally, improving the X-ray
limits above 20 keV photon energy (mνs > 10 keV) will
close the last portion of the parameter space as yet un-
constrained by satellite counts [86].
V. CONCLUSIONS
We have performed a thorough scan of oscillation-
based production of sterile neutrino dark matter with
the aim of improving constraints for small-scale struc-
tures which arise from the non-thermal sterile neutrino
energy spectra. By implementing the updated produc-
tion calculation sterile-dm [43] and considering multiple
subhalo count prediction prescriptions, we show that the
Milky Way + Andromeda galaxy subhalo counts com-
bined with recent X-ray data leave only small portions
of allowed sterile neutrino parameter space: 7.0 keV ≤
mνs ≤ 36 keV and lepton asymmetries L6 ≥ 15 at 95%
CI or greater.
We find that the general trends in resonantly produced
sterile neutrino dark matter structure formation are ro-
bust. Although the asymmetry of the production of νs
versus ν¯s in the resonant regime makes prediction of the
matter power spectrum challenging we find the ensem-
ble average 〈p/T 〉 remains a reasonable predictor for the
matter power spectrum cutoff. However, we find mild
disagreement of our results using sterile-dm for comput-
ing location of the BBN limit on L6 as compared to those
of [23], demonstrating that understanding neutrino trans-
port in the plasma of the early Universe remains one of
the most important open topics in the study of sterile
neutrino dark matter. Ref. [26] points out the effect is a
weakening of the structure constraints by some ∼ 1 keV.
Transport has always been an important part of the res-
onant production mechanism and we have seen here that
even transport below the QCD phase transition temper-
ature can appreciably impact the result.
We do not use our predictions for the dark matter
9power spectrum to draw conclusions from the Lyman-
α forest absorption. While gas pressure smoothing in
the IGM renders interpretation of the Lyman-α spectral
features ambiguous, the authors of [93] report they will
soon be able to tease out smoothing length scale from
observation of high redshift quasar pairs. This will hope-
fully allow the sterile neutrino modifications to the mat-
ter power spectrum contribution of the Lyman-α forest
to be isolated and confidently measured.
Finally, we find the mνs = 7.1 keV sterile neutrino can-
didate for explaining the anomalous 3.55 keV X-ray line
signal is in moderate, 93% CI at minimum, tension with
the combined observation of Milky Way subhalos in the
SDSS catalog and non-observation of M31 X-ray emis-
sion by Chandra. The projected goodness of fit from the
inclusion of the DES satellites, while not an actual con-
straint, illustrates the power of subhalo counts to probe
the remaining portions of the allowed sterile neutrino
dark matter parameter space. More stellar kinematic
studies, already ongoing [99–102], will be needed so that
the constraints from observed faint dwarf galaxy counts
can be placed definitively within the sterile neutrino dark
matter picture. Combined with future X-ray data and
new identification strategies [103, 104], the nature of the
anomalous 3.55 keV signal may be tested in the near fu-
ture by multiple independent methods.
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